Introduction
The mechanical behaviour of rocks has attracted a great deal of attention during recent years, which has led minerals are distributed homogeneously. The mechanical properties are essentially isotropic. The quasi-static compression strength of Balmoral Red is about 180 MPa and the mean value of porosity is 0.38%. The Brazilian disc (BD) samples with a diameter of 40.5 mm were core drilled from slabs with a thickness of 21 mm. The samples with different thermal shocks were tested at high and low strain rates to study the effects of strain rate and crack patterns on the mechanical response of the material. Before the thermal shocks, liquid penetrant was applied on the sample surface and the surface cracks and their patterns were observed using optical microscopy. Then, thermal shocks of 10, 30 and 60 s were applied on the BD samples by keeping an oxygen-acetylene flame torch at a fixed distance from the centre of the samples. The samples were cooled down to room temperature in air after the heat shocks, after which the liquid penetrant was reapplied on the surface to analyse the surface crack patterns after the heat shock. It is worth mentioning that the amount of the liquid penetrant applied on the surface is only a few drops and the remaining liquid penetrant on the surface is wiped out to avoid permanent absorption. Before testing, the samples were left to dry in room temperature for a few days to eliminate the effect of retentive liquid inside the samples. The images were obtained using a stereomicroscope under ultraviolet light. To obtain the fractal dimension, the images were imported to Matlab as RGB images and converted to binary images (or black and white). As the dominant colour in the liquid penetrant is red, the threshold is set on 'Red' colour so that if a pixel has a 'Red' colour higher than the threshold value, the pixel is considered as a crack pixel, which is represented by digit '1', otherwise the pixel is '0'. This creates a binary image, which shows the identified surface cracks. The fractal dimension of the surface crack pattern can then be calculated from the binary images using a box counting method in Matlab [28] .
The low strain rate tests were carried out using an Instron 8800 servohydraulic materials testing machine with the displacement rate of 1 mm min −1 , and the high strain rate tests were performed using a Hopkinson split pressure bar (SHPB) device. The pressure bars were made of AISI 4340 steel with the length of 1200 mm and a diameter of 22 mm. The striker with a length of 300 mm was made of the same material. The bars rest on adjustable stanchions, making the alignment of the bars possible in z-and y-directions. The striker bar is impacted on the incident bar using an air gun. Three IR sender-receiver pairs are used to measure the impact speed. The signal from these sensors is used also for triggering the recording system. Two active strain gauges are attached in the middle of the incident and transmitted bars. The signal from strain gauges is amplified by a Kyowa CDV 700 A series signal conditioner and recorded by a 12-bit 10M sample Yokogawa digital oscilloscope. All functions of the device from pressurizing of the gun until reading of the data from the oscilloscope are controlled by a computer. A detailed description of the instrument and the data acquisition is given in [29] . A numerical dispersion correction adopted from the work of Gorham & Wu [30] was used to correct the unwanted changes in the stress waves caused by dispersion. A disc of soft and deformable copper with a thickness of 0.1 mm was used to increase the rise time of the incident pulse and to improve the dynamic equilibrium. The impact speed used in the dynamic tests was 10 m s −1 , and each test was repeated five times. Figure 1 shows a schematic picture of the SHPB device. Figure 2 shows optical images obtained under UV light from a sample after a 60 s heat shock. Figure 2a ,b shows the original images, whereas figure 2c,d shows the processed images. It is evident from the images that after the thermal shock the existing cracks become longer and new cracks are introduced on the surface. Also, the interconnectivity of the surface cracks becomes more complex. The absolute values of the fractal dimension do not show a consistent relationship between the rock strength and the crack pattern, but it seems that there is a relationship between the mechanical behaviour of the rock and the relative increase of the fractal dimension (normalized fractal dimensions), as will be shown later. Some small cracks that were identified on the sample surface before the heat shock were not identified in the image obtained after the thermal shock. This is simply because the large and high contrast cracks become more visible during the heat shock, and the previously identified cracks give less contrast compared with the new cracks and cannot be identified by the thresholding of the images. Identifying the cracks is based on a threshold limit of the 'Red' colour (primary colour in the liquid penetrant). There simply is much more red colour and contrast in the larger cracks formed during the heat shock compared with the small cracks that existed prior to the heat shock, and, because of this, the smaller cracks are not always identified after the heat shock.
Results and discussion
Fractal dimensions of 30 samples were calculated before and after the heat shock. The average fractal dimension for all the samples without any heat shock was 1.065 ± 0.102. After the thermal shocks, normalized values of 1.17, 1.22 and 1.27 were obtained for the samples with 10, 30 and 60 s heat shocks, respectively. Tables 2 and 3 summarize the fractal dimensions before and after the heat shocks for the low strain rate and the high strain rate test samples. The fractal dimensions for the non-heat-shocked samples are shown in the tables under the column 'before'. Figure 3 shows the results of the low strain rate tests. The average strength of the rock before the thermal shock was 8.2 ± 2.2 MPa. After the thermal shock, the strength drops to 5.8 ± 0.7 MPa, 4.3 ± 0.5 MPa and 3.8 ± 1.1 MPa for 10 s, 30 s and 60 s heat shocks, respectively. As it can be seen from figure 3, before the thermal shocks the rock shows quite consistent behaviour. After reaching the maximum stress, the strength of the rock drops sharply to zero as the sample splits into two parts. However, after the heat shock this behaviour changes. The sharp drop in the stresstime curve becomes less pronounced, and in some cases several local maxima can be observed instead of one clear maximum. This is especially clear for samples with the 60 s heat shock. This behaviour is due to cracking also in other directions than the loading direction. The macroscopic fracture does not take place only by one dominant crack. As the load on the heat-shocked samples increases, the main crack initiates similarly to the non-heat-shocked samples, but the crack does not propagate through the entire sample. Instead, the crack stops at some point and another crack starts to propagate, possibly in a different direction. This behaviour continues until the main dominant macro-crack parallel to the loading direction propagates through the sample. In the low strain rate tests, this happens so slowly that the fragmentation of the sample can be observed simply by looking at the sample during the test. This behaviour explains the several maxima observed in the stress-time curves obtained for the thermally shocked samples. The response of the rock is somewhat different as the strain rate is increased. Figure 4a shows the tensile stress as a function of time for the samples without any heat shock, and figure 4b shows the response of the samples after a 10 s heat shock. The average tensile strength of the rock for the non-heat-shocked samples was 29 ± 3 MPa. As the duration of the thermal shock increases, the strength deceases significantly to 23 ± 4 MPa, 16 ± 2 MPa and 12 ± 2 MPa for 10, 30 and 60 s thermal shocks, respectively. After the heat shock, the strong peak in the stress-time curves again partly disappears, and the stress drops at a slower rate after the peak stress. When compared to the low rate tests, the scatter at the higher rate is reduced and the rock shows more consistent behaviour. Figure 5a shows the strength of the rock at the dynamic and quasi-static loading conditions as a function of the normalized fractal dimension. The drop rate of the tensile strength, σ / FD, was used to estimate the effect of the heat shock. In this equation, the σ is the difference of the tensile strength of the rock between two consecutive heat shock conditions, e.g. between 10 and 30 s heat shocks, and the FD is the difference between the fractal dimension of the tested samples. The drop rate at the low strain rate is −13.78 MPa for a 10 s heat shock (between 0 and 10 s), −52.57 MPa for a 30 s heat shock (between 10 and 30 s) and −5.34 MPa for a 60 s heat shock (between 30 and 60 s). The strength decreases at the high strain rate at the rates of −38.52 MPa, −141.32 MPa and −78.32 MPa for 10, 30 and 60 s thermal shocks, respectively. It is evident that the tensile strength of the rock decreases at a higher rate when the deformation rate is higher. The slopes of the curves in figure 5a also support this observation. The reasons for this behaviour are related to the fragmentation of the samples, which is affected strongly by the heat shock and strain rate, as will be discussed in the following paragraphs. For the calculation of the strain rate sensitivity factor (equation (3.1) ), the strain rate was obtained from the stress-time curves using a simple expressionε = σ/E t, where σ / t is the slope of the stress-time curve between zero and the maximum stress and E is Young's modulus of the rock. In equation (3.1) , σ is the difference in the maximum tensile strength of the rock at low strain rate and high strain rate loading, and the log(ε) is the difference in the strain rate between low and high rate loading.
For each test, the M abs was calculated using equation (3.1), i.e. five M abs values were obtained for each set of similarly shocked samples. The averages of the five values of M abs are shown in figure 5b as a function of normalized fractal dimension (lower x-axis) and duration of the heat shock (upper x-axis). The first point on the graph corresponds to the strain rate sensitivity factor calculated for non-heat-shocked samples, whereas the consecutive data points corresponds to 10, 30 and 60 s heat-shocked samples. As can be seen in figure 5b , the strain rate sensitivity decreases with the increase of the fractal dimensions. This is caused by the faster decrease of the dynamic tensile strength compared with the decrease of the quasi-static strength, as shown in figure 5a. Both the higher drop rate of strength at the dynamic conditions (figure 5a) and the decrease in the strain rate sensitivity as a function of the normalized fractal dimensions (figure 5b) could be explained by examining the fracture behaviour of the rock at different conditions. In general, the fracture energy is consumed in large amounts in generating new surfaces, and in smaller amounts in the kinetic energy of the fragments, acoustic emission and heating due to frictional sliding of the fracture surfaces. In the low rate tests, the sample fractures into a few large fragments and the specific surface area of the fragments remains rather low. The drop of the strength due to the heat shock at the quasi-static tests can be explained simply by larger existing cracks. However, the situation is different at high strain rate deformation and the fracturing of the sample consumes considerably more energy. The sample is partly pulverized, the fragments are ejected at high velocities, and some additional energy is consumed in frictional heating and acoustic emission. The pulverization of the sample in particular can be affected by the heat shock, which was observed in the high-speed photographs. As the stress increases during the dynamic loading in a non-heat-shocked sample, the tensile strength of the rock is exceeded at various locations simultaneously, and thousands of cracks initiate and propagate pulverizing parts of the sample. However, the heat shock reduces the local strength of the sample especially at the centre area of the sample, where the maximum tensile load will occur during the BD test. When the stress increases during the dynamic loading of a heat-shocked sample, the dynamic strength of the sample is first exceeded locally at the centre only, while the majority of the regions outside this area still remain elastic. This leads to fewer microcracks being formed, a lower degree of pulverization, and formation of larger fragments as the fractal dimension increases. Therefore, the dynamic strength of the rock is lowered by the larger surface cracks themselves, but also by the lower amount of new surface that is created during the fragmentation of the heatshocked samples. Because of this, the dynamic strength of the rock drops faster as a function of fractal dimensions than the quasi-static strength. However, confirming this hypothesis requires performing some more tests and carefully analysing the size distribution of the fragments formed during the dynamic loading of samples with different heat shocks.
